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ABSTRACT

The fluid motion inside a partially filled tank is called ”sloshing” and it
is of great concern to structural designers of ships. Sloshing analysis is
significant, especially in the design of liquid cargo vessels such as LNG
carriers and crude oil tankers, since sloshing loads attain such considerable
value enough to cause structural damage.

In this paper, three dimensional governing equations and exciting forces
are derived for the study of sloshing phenomena. In order to include the
nonlinearity that occurs at the fluid-tank interface and to avoid the complex
boundary conditions on moving walls, a fixed coordinate system to the
moving tank is adopted.
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G AA A3 AY ESF Bt 33 ZAIE FFdAoH, AR B
Aol AEgsA RIAY F& B3 F87F EF BN E A 4
71 ARl

Aute) £2A B4 nlFVAR, AAY 3 dudA AAY 64FE F
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Frrshed vk AHEF ABAE P ngEo YaAast TAF Tas s
ZhEAlOIR. BAFT L] FAL AA FAFA 93, dAe) BAZA
= FH B39 Xt mMAe AN 9 deayHE sy a2
oA FEF 717EE 2] 543 BaAUE vad AZe o g o
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2. SRYHAM (Governing Equations)
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3. ¥EWHMIA 7182 (Coordinate Transformation

and Expression of Exciting Forces)
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Fig.1 A coordingte system and g moving coordinate system 1.
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B2 F3 A tol Bl /A Al d W M L VAR 0 = X,
2, #5324 o' & 4 2712 Aol T BIAV B 44 M & FUA

olBE o3 #AV AP

Xt' = R,‘ + Q,-,-x; (4)
A4 Q & F FFAMelY] Ygado s RAHY Gey ge 4Re 2
=t}

Qi = Ee] (5)

F QT 0 M 0 929 ¥F¥AY (inear mapping) € FoFt 18w
A9 Q & 448 259 (proper orthogonal second order tensor) ©)
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Fig.2 A moving coordinate system 1 and a moving coordinote system 2.
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o 7]1A
S;n = € e, (12)

S = o dA o 2o dANFoln FAAW 23 eItk 2T AFA o
St B3A 0" £ N2 FUAW £FL HEI ARAN & o 4¥YL S &
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u; = Sjn Uy (13)

a; = Sjn Qy 14)

4 (1D, (13), ADE 4 (9, 10)e] NYsha o3 2t
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x FE J1E0E 6, wF IJAANAL 9 HYAFE X 2 BAS,
X L 1E0R 6, ¥F IAWANRE W HIANL YV 2, 1 & ¢
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X = 0 COS01 _Sinel , 01 = Bl(t) (19)
0 Sin91 COSgl
cos 0 0 sind,
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cosf3 —sinf; 0
Z = sin03 COS@g Ol, 63= 63(t) (21)
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Fig.3 Rotation about the z} axis. Fig.4 Rotation about the zjaxis.

Fig.5 Rotation about the zjaxis. Fig.6 Setting angle.
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AdA 23 71AYL AL 4 UL ZF AR IANE e 2ok q7)A
3 AlEHolde fAAA B HA 1, 2, 3 tAA x, vy, z 2 E713A
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fi = (B, — R)cos@,cos6, + (B, — R,)cos 6 ,sin 6,
+ (B, — R,)sinf,sinf,cos6, + (B, — R,)sin6 ,sin6,
— (B, — R,)cos 8 ,sinf,cos ¥,
+ (02 + 02— 2w, 0 ,c08 60 ,sin 6 ,c08 0 , + 2w ;0 ,sin 6 ,)x"
+( wesinf,+ @, + 20 0,008 6 ,sin’0,)y"
+( wycos 6 ,sinf,— wycos8, 2w w,sinb,sing,)z"
+2(w.+ w,snb,)v" +2(w,cos0,sin0,— w,cos6,)w
(26)
fy = —(By — R)cos0,sind, + (B, — R,)cos 6 ,cos f,
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+(wi-l—w§+2wxwycos9ysin62cosﬁz+2cuzcuxsiney)y'
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fi= (B, — Rpsing, — (B, — R)siné,cos b,
+ (B, — R)cosf,cos b,
—(w,cos0,8n0,— w,c080,+2w,w,cos8,cos8,
+2w,w,sn6,)x" —( wycos6,cos6, + w,sinf,
—2w,w,co80,sin8, +2w,w,cos6,)y"
+(wi+ 02)2"—2(w,cos6,sin8,— w,cosd,)u"

—2(w,cos 8 ,cos 6 ,+ w,sinf,) v (28)
& 7] 4

Wy = éx,a)y= éy y W, = éz (29)

aelm g6 nPE FLATANA /0L 271 YA 4 4 (D), (13)
34 (22 $E e 2L & A

2" = d, + xcosp — ysing

y' = d,+xsing + ycos¢ (30)
' =4d, + 2

#' = ucose — vsing

v = using + vcose (31)
w = w

a83 4 (1694 B R AE A G0H BDE 4 (26), 27 2 4 (28)
o AYF A 1AL 4 (1944 Bl A AY AXARE W Thg ol
930 DAY ABANN 24T NALe 7 5 Yok
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fi = frcose + fisine (32)
fy = —fising + f,coso (33)
fo= (34)

4. J1xge 2x1 28 % o

B=el F87F 2z WM I A (26), (27) 2 (28)0A]
6,=0,0,=02dx R, =0 ot a3 FEA (o*,x", ", 1)
FEA (0,2,5, D9 71A7F ZA ¢ = 0olth oA 4 (32), (33) L (34)9]

s g2 4L 5 Atk

fi = (B, — R)cosf,+ (B, — R)sin6,+ w.(d, +)
+ 0i(d, +2) + 20,0 (35)

fy= _(Bx - R.Jc)sm02+(By - R;)COSQZ— w.z(dx +x)
+0i(dy+y) —20,u (36)

fi=0 (37)

A714 YV 5¢ F9WYeE AUYWM B, = (, B, = ¢ 15x 97 o
s 938 o 7t YAPTE 4
et 2ol EAIHTH

=0, d, = 0 ot} z8r=z 4 (), 3

fo = — Ricos0,+ (g — R)sinf,+ o,v+ olx+ 20,0 (38)

fy = Risin0,+(g — R)cosb,~ w,x+0y— 20,u (39)

* (38), BDE <1BE 91(1988) ¥ 7183 21(1992) o A] AR 712183 A
o FL x Wold y WolMW B=e) Fast wasn A Fdg

A3g A=} ( Fig. 7 Z=x).
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Fig.8 Coordinate transformation
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F¥ Arai(1986) SINE 2A P9 AFeTe THA 224 EAE
A7 Hol Aewl o] A WABAVIEEE K, = 0, B, = 0 otk 1
IY & 9 wadge=z Hed oRe= RE B, =
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fo= —gsnf,+ oyt 0iz+ 2w, v (40)

fy = —gcosb,— w,x+oiy—2w,u (41)

Ol AL Arai(1986) oA AHE-F 7118 LA Fet.

a8]3 Su et al.(1982) CIME B3] A8 UE uF 239 EAE
AT Hol AR AAY g A Ue FAH £2HL V£33
A HAel BAFAlY AR FLAFAY P nPE FLAFAE
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, dy = dcos¢, d, = dsing, R, =0, B, =0, B, =10

L=t

B, = g & 4 (353 (36) 3 b2 €2 & Ao
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f, =gcos8,— w,(dcos¢ +x)+0i(dsing +v— 2w,u (43

4] (42), (43)2 Su et al.(1982) oA AHERF 71X E I X gt
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cos ¢ cos 6 sin ¢ —cos ¢ sin 8
A= —sin ¢ cos 6 cos @ sin ¢ sin 4 (44)
sin 6 0 sin ¢ cos 8
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W I HAY 0, = o T AHEEA 4 (26), (27), (28)9] 7|AHL
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fi = —R,c0s0 + (g + R)sing
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fy = — R, (46)
fo = —R,sin0 — (g + R,)cos 6

+ wi(d,+2) + w (d, +xcos ¢ — ysing)
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fo = {(g+ R)sind — R,cos 6
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— R,sin¢ (48)
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f, = —{(g+ R)sing — R,cos 6
+ w?(d, +xcosp —ysing) — o (d, +2)— 20 w}sine
— R,cos ¢ (49)
fo = — R,sin8 — (g + R, cos b
+ 0?(d,+2) + w(d, +xcos ¢ — ysing)

+ 2w (ucos ¢ —vsing) (50)
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